Intracerebral hemorrhage (ICH) is a devastating type of stroke with a substantial public health impact. Currently, there is no effective treatment for ICH. The purpose of the study was to evaluate whether the post-injury administration of Resveratrol confers neuroprotection in a pre-clinical model of ICH. To this end, ICH was induced in adult male CD1 mice by collagenase injection method. Resveratrol (10 mg/kg) or vehicle was administered at 30 min post-induction of ICH and the neurobehavioral outcome, neurodegeneration, cerebral edema, hematoma resolution and neuroinflammation were assessed. The Resveratrol treatment significantly attenuated acute neurological deficits, neurodegeneration and cerebral edema after ICH in comparison to vehicle treated controls. Further, Resveratrol treated mice exhibited improved hematoma resolution with a concomitant reduction in the expression of proinflammatory cytokine, IL-1β after ICH. Altogether, the data suggest the efficacy of post-injury administration of Resveratrol in improving acute neurological function after ICH.
INTRODUCTION
Intracerebral hemorrhage (ICH) is a catastrophic type of stroke caused by bleeding within the brain parenchyma (Leclerc et al., 2015) . Approximately, 10-15% of strokes are caused by ICH. Despite recent advances in clinical and preclinical research, the one-month mortality rate of ICH is 40% and only about 20% of the survivors with spontaneous ICH regain functional independence at 6 months (Flemming et al., 2001; Qureshi et al., 2001; Gebel et al., 2002; Flaherty et al., 2006; Ke et al., 2015) . Primary as well as secondary brain damage is involved in the pathological processes of ICH. The primary damage usually occurs within minutes to hours and is mainly caused by mechanical disruption resulting from the mass effect of hematoma, whereas the cytotoxicity of blood, excitotoxicity, oxidative stress, and inflammation together result in secondary brain damage, causing severe disability or death (Xi et al., 2006; Aronowski and Zhao, 2011) . Notably, there is no effective therapeutic or surgical treatment for ICH and the current treatment options even in dedicated stroke centers are limited to supportive care. Therefore, finding new treatment regimens that could provide safety and neuroprotection to patients suffering from ICH is critical.
Resveratrol (3,5,4 ′ -trihydroxystilbene) is a naturally occurring polyphenolic compound and the content of Resveratrol in major dietary sources such as grapes and red wine ranges from 0.16 to 3.54 µg/g and 0.1 to 14.3 mg/L, respectively (Mark et al., 2005; Baur and Sinclair, 2006; Mukherjee et al., 2010) . Resveratrol is associated with anti-inflammatory, anti-oxidant, anti-apoptotic properties (Narayanan et al., 2015; Taguchi et al., 2015; Tellone et al., 2015; Tsai et al., 2015; Gwak et al., 2016; Hoda et al., 2016) and is able to cross the blood-brain barrier (BBB) making it an ideal candidate to be tested for its role in neuropathological conditions. In addition, Resveratrol has been tested for the treatment of various neuroinflammatory and neurodegenerative diseases such as stroke, spinal cord injury, epilepsy, Huntington's disease and Alzheimer's disease (Gupta et al., 2001 (Gupta et al., , 2002 Wang et al., 2002; Yang and Piao, 2003; Kiziltepe et al., 2004; Kaplan et al., 2005; Parker et al., 2005; Ates et al., 2006; West et al., 2007; Wu et al., 2009; Li et al., 2014; Shao et al., 2014; Lopez et al., 2015) , and it was well tolerated in preclinical animal models. However, the neuroprotective efficacy of Resveratrol after ICH remains largely unstudied. Further, to date, very few studies have reported whether post-injury administration of resveratrol can protect against brain injury. Therefore, the main objective of the present study is to evaluate whether the post-treatment with Resveratrol confers neuroprotection in a pre-clinical model of ICH.
MATERIALS AND METHODS

ICH
Animal studies were reviewed and approved by the Committee on Animal Use for Research and Education at Augusta University, in compliance with NIH and USDA guidelines. ICH was induced in adult male CD-1 mice (Charles River) as previously reported (Sukumari-Ramesh et al., 2012a ,b, 2016 Bonsack et al., 2016; . Briefly, mice (n = 72) were anesthetized with ketamine and xylazine and prone-positioned on a stereotaxic head frame (Stoelting, WI, U.S.A.). The body temperature was maintained at 37 ± 0.5 • C during the surgical procedure using a small animal temperature controller (David Kopf Instruments, USA) and a burr hole (0.5 mm) was made 2.2 mm lateral to bregma using a high-speed drill (Dremel, USA) without damaging the underlying dura. A Hamilton syringe (26-G) containing 0.04U of bacterial type IV collagenase (Sigma, St. Louis, MO) in FIGURE 1 | Resveratrol improved acute neurological outcomes at 24 h after ICH. Resveratrol (10 mg/kg; i.v) was administered at 30 min after the induction of ICH and neurobehavioral outcome was estimated at 24 h post injury, employing a composite neurological test and Resveratrol treatment significantly reduced ICH-induced neurobehavioral deficits (***p < 0.001). n = 9-13/group. 0.5 µL phosphate buffered saline (pH 7.4; PBS) was inserted with stereotaxic guidance 3.0 mm into the left striatum to induce spontaneous ICH (Bonsack et al., 2016) . After removal of the needle, the burr hole was sealed with bone wax and the incision was stapled. Sham mice underwent the same surgical procedure, but only PBS (0.5 µL) was injected.
Administration of Resveratrol
Resveratrol was purchased from Sigma (St. Louis, MO, USA). Resveratrol (10 mg/kg), freshly prepared in a 1:2 solution of DMSO: PBS, was administered intravenously (tail vein) in a total volume of 100 µl at 30 min post-induction of ICH and the control mice received equal volume of vehicle (DMSO) in PBS.
Immunohistochemistry
After being anesthetized, mice were transcardially perfused with PBS. Brains were collected, fixed with 4% paraformaldehyde, snap frozen, and cut into coronal sections (25 µM) using a cryostat. Sections (n = 3-4/group) were then mounted onto glass slides and incubated with 10% normal donkey serum for 2 h at room temperature. This was followed by incubation with primary antibody at 4 • C for 24 h and subsequent washing as well as incubation with corresponding Alexa Fluor-tagged secondary antibody for 1 h at room temperature. The immunofluorescence was acquired using Zeiss LSM510 Meta confocal laser microscope and 3-6 non-consecutive sections per animal were subjected to analysis.
Fluoro-Jade B Staining
Hydrated brain sections (n = 3-4/group) were placed in a 0.06% potassium permanganate solution for 15 min and subsequently incubated with 0.001% Fluoro-Jade B solution for 30 min. Sections were allowed to air dry and cover-slipped with DPX mounting media. Microscopic analysis was performed using an excitation wavelength of 488 nm, provided by an argon laser and the images were taken using a LSM510 Meta confocal laser microscope.
Tunel Staining
Cellular apoptosis was detected using a commercially available apoptosis detection kit (Apoptag; Millipore; S7110). Briefly, brain sections (n = 3-4/group) were fixed in ethanol; acetic acid and incubated in an equilibration buffer. Sections were then treated with Terminal deoxynucleotidyl transferase (TdT) enzyme in reaction buffer and subsequently incubated with antidigoxigenin-fluorescein conjugate solution for 30 min at room temperature. The fluorescence was determined using a LSM510 Meta confocal laser microscope.
Quantitative Estimation of Fluoro Jade B and Tunel Positive Cells
To estimate the number of Fluoro jade B and TUNEL positive cells, the coronal brain sections of thickness 20-µm were subjected to respective staining, as described earlier. We used three sections (one from the collagenase injection site and other two from 0.25 mm anterior and 0.25 mm posterior to the injection site) per animal (n = 3-4/group) and examined 
Cerebral Edema
Mice (n = 4-8/group) were anesthetized and decapitated after the induction of sham or ICH. The brains were removed, and a coronal brain slice containing cortex and striatum was collected and immediately weighed on an electronic analytical balance to obtain the wet weight. Brain samples were then dried at 100 • C for 24 h to obtain the dry weight. The Brain water content (%) was calculated as [(wet weight − dry weight)/wet weight] × 100.
Neurological Outcome
Neurobehavioral outcome (n = 9-13/group) was estimated by an independent researcher blinded to the experimental groups using a composite neurological test, as detailed previously by our laboratory and others (Rosenberg et al., 1990; Clark et al., 1998; King et al., 2011; . This 24-point scale composite test that determines the sensorimotor deficits associated with intrastriatal ICH, is comprised of six neurobehavioral sub-tests FIGURE 3 | Resveratrol treatment attenuated cerebral edema after ICH. Resveratrol (10 mg/kg; i.v) significantly reduced the brain water content in the ipsi-lateral brain region after ICH in comparison to the vehicle treated ICH as assessed by wet/dry method as described in the methods section (***p < 0.001). No significant differences in the brain water content were observed in the contralateral hemisphere between the two groups. n = 4-8/group.
(climbing, circling, compulsory circling, whisker response, bilateral grasp, and beam walking; Rosenberg et al., 1990; Clark et al., 1998; King et al., 2011 ; Sukumari-Ramesh and Alleyne, 2016; . Briefly, the climbing ability of the mouse was assessed using a gripping surface kept at 45 • angle and the circling behavior was tested on an open bench top. To assess compulsory circling, mouse was placed on its front limbs on a bench and held suspended by its tail and the whisker response was evaluated with a gentle touch to its whisker using a swab. The bilateral grasp assessed the strength to hold onto a steel grip-bar with forepaws and the beam walking was graded by evaluating the ability of a mouse to traverse a narrow beam. Each sub-test was scored from 0 (performs with no impairment) to 4 (severe impairment) and the individual subtest scores are provided as Supplementary Data-Table 1. A composite score was calculated as the sum of the scores on all the six sub-tests, establishing a maximum neurological deficit score of 24.
Cresyl Violet Staining
Brain sections (n = 3-4/group) were rehydrated with ethanol and stained with 0.5% Cresyl Violet Solution. Sections were then dehydrated, treated with xylene and subjected to imaging.
Hematoma Volume
Mice were euthanized and brain of each mouse (n = 3-4/group) was cut into coronal sections with a cryostat. Five to six sections per mouse were subjected to cresyl violet staining as detailed earlier and using Image J software (NIH, USA), the area of the hematoma was quantified. The hematoma volume was then calculated by multiplying the sum of the areas by the interslice distance.
FIGURE 5 | Resveratrol improved hematoma resolution after ICH. To assess hematoma volume, the hemoglobin content in the brain was estimated using a hemoglobin assay kit and there was a significant decrease in hemoglobin content at 72 h post-ICH in the ipsi lateral brain region upon Resveratrol treatment in comparison to vehicle treated controls (**p < 0.01) whereas no reduction in hemoglobin content was observed in the contra lateral brain region. n = 5/group.
Hemoglobin Assay
Hemoglobin assay was conducted as a measure of hematoma volume, as described previously (Wei et al., 2017) . Briefly, anesthetized mice (n = 5/group) were subjected to complete transcardial perfusion with PBS to remove intravascular blood and brain tissue was collected. The respective ipsiand contralateral brain sections were homogenized in PBS, centrifuged at 10,000 g for 15 min at 4 • C and the supernatant was subjected to hemoglobin assay using a Hemoglobin Colorimetric Assay Kit (Cayman, Ann Arbor, USA). The amount of heme as a measure of hemoglobin content was calculated using a standard curve generated from known heme values, as per manufacture's instructions.
Statistical Analysis
Mice were randomly assigned to the experimental groups, and all analyses were performed by an investigator-blinded manner. Data were analyzed using unpaired t-test or one-way analysis of variance followed by Student-Newman-Keuls post hoc test, as appropriate and are expressed as mean ± SE. A p value of <0.05 was considered as significant.
RESULTS
Resveratrol Improved Acute Neurological Outcomes after ICH
To determine the neuroprotective efficacy of Resveratrol after ICH, Resveratrol 10 mg/kg (i.v) was administered 30 min after the induction of ICH in mice and the control mice received equal volume of vehicle (DMSO) in PBS. ICH-induced mice exhibited significant neurobehavioral deficits 24 h post injury in comparison to sham as estimated using a composite neurobehavioral test on a 24 point scale comprised of six neurobehavioral subtests (Figure 1) . The Resveratrol treatment significantly attenuated ICH-induced neurobehavioral deficits in comparison to vehicle treated controls and the composite neurological deficit score after ICH was reduced by 42.5% upon Resveratrol treatment in comparison to vehicle treated controls (p < 0.001; n = 9-13/group; Figure 1 ).
Resveratrol Attenuated Acute Neurodegeneration after ICH
To test whether the Resveratrol-mediated improvement in acute neurological outcome is concomitant with a reduction in neuronal death, the brain sections were subjected to Fluor Jade B staining, which recognizes degenerated neurons. Post-injury administration of Resveratrol significantly attenuated the number of Fluoro Jade B-positive cells after ICH, in comparison to vehicle treated controls suggesting Resveratrol mediated attenuation of acute neurodegeneration after ICH ( Figure 2B ). This was further confirmed by TUNEL staining (Figure 2C) , which recognizes early apoptotic cells including neurons and glial cells. Notably, the number of Fluoro Jade B as well as TUNEL positive cells was reduced by 54 and 48.1% respectively, upon Resveratrol treatment in comparison to vehicle treated controls (p < 0.01; n = 3-4/group) (Figures 2D,E) .
Resveratrol Treatment Attenuated Cerebral Edema after ICH
Given the detrimental role of cerebral edema in ICH-induced brain damage and neurological outcome (Wang and Tsirka, 2005; Xi et al., 2006; Wasserman and Schlichter, 2007) , we next questioned whether Resveratrol treatment could attenuate cerebral edema after ICH. To test this, the brain water content was estimated and there was a significant increase in brain water content in the ipsilateral brain region after ICH in comparison to sham (Figure 3) . However, no significant increase in brain water content was observed in the contralateral brain region after ICH (Figure 3) . Notably, Resveratrol treatment significantly attenuated ICH-induced cerebral edema in the ipsilateral brain region in comparison to vehicle treated controls (Figure 3) . Along these lines, the brain water content in the vehicle-treated ICH group was 81.96 ± 0.42% whereas the Resveratrol-treated group exhibited brain water content of 79.74 ± 0.51% (p < 0.001 vs. vehicle treated ICH; n = 4-8/group; Figure 3) .
Resveratrol Attenuated Hematoma Volume and IL-1 β Expression after ICH
Hematoma volume is an independent predictor of ICH-induced mortality and neurological deficits (Broderick et al., 1993; Kothari et al., 1996; Flemming et al., 1999; Wang et al., 2014) . Of note, Resveratrol treatment significantly reduced the hematoma volume as assessed by Cresyl violet staining at 72 h post injury in comparison to vehicle treated controls (p < 0.05; n = 3-4/group) further emphasizing the neuroprotective efficacy of Resveratrol after ICH (Figures 4C,D) . The reduction in hematoma volume at 72 h post-ICH was further confirmed by hemoglobin assay, that demonstrated a significant reduction in hemoglobin content in the ipsilateral brain region upon Resveratrol treatment in comparison to vehicle treated controls (p < 0.01; n = 5/group, Figure 5) . Notably, no significant reduction in hematoma volume was observed at 24 h post-injury upon Resveratrol treatment (Figures 4A,B) suggesting that Resveratrol could have improved the hematoma resolution rather than modulating the initial hematoma formation after ICH. Further, hematoma components such as erythrocyte lysis products are key modulators of brain inflammation and among the pro-inflammatory cytokines, IL-1β is considered as a pivotal inflammatory target after ICH (Masada et al., 2001; Lok et al., 2012) . Therefore, we next questioned whether Resveratrol treatment reduced IL-1β expression at 72 h post ICH, a time point that exhibits profound proinflammatory activation of microglia/macrophages (Sukumari-Ramesh et al., 2012a; Bonsack et al., 2016) . There was a significant reduction in IL-1 β positive cells after ICH upon resveratrol treatment in comparison to vehicle treated controls (p < 0.001; n = 3-4/group, Figures 6A,B) . In addition, the reduction in hematoma volume and the number of IL-1 β positive cells upon Resveratrol treatment was concomitant with a significant improvement in neurobehavioral outcome at 72 h post-ICH in comparison to vehicle-treated control (p < 0.001; n = 9/group, Figure 7) .
DISCUSSION
ICH is a major healthcare concern with highest mortality rates among all types of stroke. Further, if the ICH patients survive they often exhibit poor clinical prognosis demanding effective therapeutic intervention. Herein, we report for the first time that post-injury administration of Resveratrol significantly improved acute neurological outcome, hematoma resolution, and attenuated neurodegeneration in a preclinical model of ICH. Resveratrol-mediated neuroprotection was also associated with a significant reduction in cerebral edema and the expression of key proinflammatory cytokine IL-1β after ICH.
ICH comprises of both primary and secondary brain injury. Currently, the treatment for ICH mainly focuses primarily on supportive care but this clinical approach targeting the primary brain injury often fails to improve neurological outcome or decrease mortality associated with ICH. Notably, secondary brain injury, causing severe neurological deficit or death, proceeds over hours to days after ICH and offers a potential target for therapeutic intervention (Keep et al., 2012; Urday et al., 2015a,b) . However, the secondary brain damage after ICH is complex and is caused primarily by the cytotoxic effect of extravasated blood. This cytotoxic insult has a strong oxidative and inflammatory component, ultimately leading to neurological dysfunction and death (Wagner et al., 2003; Aronowski and Hall, 2005; Xi et al., 2006; Hanley, 2009) . Therefore, strategies to efficiently remove intraparenchymal blood/erythrocyte lysis components or augment hematoma resolution may attenuate secondary brain damage and reduce the neurotoxicity of hematoma components and associated brain inflammation. To this end, post injury administration of Resveratrol significantly attenuated hematoma volume and the expression of the key proinflammatory cytokine IL-1β after ICH implicating the possible role of Resveratrol in modulating secondary brain damage after ICH.
Brain edema is a common and life-threatening clinical complication after ICH and it causes mass effect on adjacent brain structures, elevation in intracranial pressure, hydrocephalus, brain herniation, and severe neurological deficits . The development of brain edema after ICH appears to be partly related to erythrocyte lysis products inducing both oxidative and inflammatory signaling and the intracerebral accumulation of serum resulting from clot retraction (Butcher et al., 2004) . Accumulating evidence suggest that pharmacological agents that can reduce cerebral edema confer neuroprotective effects and can improve neurobehavioral and cognitive outcomes in preclinical models of ICH (Rolland et al., 2011) . Along these lines, Resveratrol treatment significantly attenuated acute cerebral edema and improved neurobehavioral outcomes after ICH.
The mechanism by which Resveratrol confers neuroprotection after ICH could be by directly activating SIRT1, as Resveratrol is regarded as a potent SIRT1 activator (Sinclair and Guarente, 2014) . The sirtuin gene was first discovered in yeast as a transcription repressor and its mammalian orthologues, the sirtuins, are a family comprising seven members: SIRT1-SIRT7 (Frye, 2000) . Sirtuins are categorized as class III histone deacetylases (Schemies et al., 2010) . Apart from deacetylating histones, non-histone proteins are also substrates of sirtuins and they differ from other histone deacetylases in that, their activity is NAD+ dependent (Schemies et al., 2010) . We recently reported the altered acetylation status of histone and non-histone proteins in the pathophysiology of ICH (SukumariRamesh et al., 2016) . Further, augmented activation of sirtuin 1 in neurons and microglia are known to attenuate oxidative neuronal injury and inflammatory response, respectively (Cho et al., 2015; Zhang et al., 2016) . Notably, sirtuin 1 deficiency in microglia contributes to neurodegeneration via the epigenetic regulation of IL-1β (Cho et al., 2015) . Consistently, Resveratrol treatment attenuated the brain levels of proinflammatory cytokines such as IL-1 β and TNF-α and reduced hypoxia-induced brain damage (Liu et al., 2007; Zhang et al., 2015; Jeong et al., 2016) . Besides its anti-inflammatory properties, Resveratrol is a potent antioxidant and was found to be neuroprotective in both in vitro and in vivo models of hypoxia, excitotoxicity and ischemia partly due to its ability to scavenge free radicals and augment antioxidant enzymes (Virgili and Contestabile, 2000; Jang and Surh, 2003; Zhuang et al., 2003; Kiziltepe et al., 2004; Wang et al., 2004; Raval et al., 2006) . The treatment with resveratrol immediately after traumatic brain injury attenuated oxidative brain damage and lesion volume in adult rats (Ates et al., 2007) . Further, Resveratrol is also known to modulate Nrf2-Heme oxygenase 1 antioxidant signaling (Chen et al., 2005) and we recently reported the efficacy of post-injury administration of TBHQ, an inducer of Nrf2 in improving acute neurological outcomes after ICH (SukumariRamesh and Alleyne, 2016). Furthermore, several studies have suggested that activation of SIRT1 may rescue mitochondrial function and inhibit apoptosis in cerebral ischemia and neurodegenerative diseases (Hernandez-Jimenez et al., 2013) . Consistently, Resveratrol treatment attenuated the number of Fluoro Jade B and TUNEL positive cells after ICH. However, further studies required characterizing the precise molecular mechanism by which Resveratrol exerts neuroprotection after ICH.
Though Resveratrol is not known to be toxic or cause significant adverse effects in humans, the clinical use of Resveratrol is partly limited by its poor bioavailability (Walle, 2011; Francioso et al., 2014) . One of the most efficacious ways to maximize absorption of resveratrol is to bypass the gastrointestinal tract and deliver directly into the bloodstream. Along these lines, the acute neuroprotective effects conferred by Resveratrol due to its intravenous administration after ICH, as demonstrated herein, has high translational relevance warranting future studies.
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Supplementary Data-Table 1 | Resveratrol or vehicle was administered 30 min post-ICH and neurobehavioral outcome was estimated at 24 and 72 h post-ICH/sham by an independent researcher blinded to the experimental groups using a composite neurological test comprised of six neurobehavioral sub-tests (climbing, circling, compulsory circling, whisker response, bilateral grasp, and beam walking) and each sub-test was scored from 0 (performs with no impairment) to 4 (severe impairment) and the mean test scores are given. The data in Figures 1, 7 are derived from a composite neurological deficit score that was calculated as the sum of the scores on all the six sub-tests. n = 9-13/group.
